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Abstract
The choroid plexus and cerebral ventricles are critical structures for the production of cere-
bral spinal fluid (CSF) and play an important role in regulating ion and metal transport in the
brain, however many aspects of its roles in normal physiology and disease states, such as
psychiatric illness, remain unknown. The choroid plexus is difficult to examine in vivo, and in
situ ex vivo, and as such has typically been examined indirectly with radiolabeled tracers or
ex vivo stains, making measurements of the endogenous K+, Cl−, and Ca+ distributions
unreliable. In the present study, we directly examined the distribution of endogenous ions
and biologically relevant transition metals in the choroid plexus and regions surrounding the
ventricles (ventricle wall, cortex, corpus callosum, striatum) using X-ray fluorescence imag-
ing (XFI). We find that the choroid plexus was rich in Cl− and Fe while K+ levels increase fur-
ther from the ventricle as Cl− levels decrease, consistent with the known role of ion
transporters in the choroid plexus CSF production. A polyI:C offspring displayed enlarged
ventricles, elevated Cl− surrounding the ventricles, and intraventricular calcifications. These
observations fit with clinical findings in patients with schizophrenia and suggest maternal
treatment with polyI:C may lead to dysfunctional ion regulation in offspring. This study dem-
onstrates the power of XFI for examining the endogenous elemental distributions of the ven-
tricular system in healthy brain tissue as well as disease models.
Introduction
The choroid plexus is the main cellular structure within the ventricular system, and has long
been considered a filter or “kidney of the brain”. Despite a relatively simple cellular composi-
tion, the chemical and physiological roles of the choroid plexus are not fully known. It is widely
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accepted that one function of the choroid plexus is production of cerebral spinal fluid (CSF)
and regulation of CSF volume [1, 2]. Several physiological pathways in the choroid plexus regu-
late CSF production, including ion transport and osmotic water transfer [1–4]. Cells of the cho-
roid plexus system are rich in ion-transporters, particularly the Na+,K+ATPase transporter,
which is the main regulator of CSF volume [3, 4]. Through regulation of intracellular and
extracellular Na+ and K+ concentration, the choroid plexus creates a gradient in Cl− concentra-
tion [1–3]. The Cl− concentration within the CSF, therefore, is maintained at a higher level
than in plasma, allowing water to follow the concentration gradient and transfer from the
plasma through the epithelium of the choroid plexus and into the CSF, thus, increasing CSF
volume [1–4].
In addition to CSF production and CSF volume regulation, the choroid plexus is increas-
ingly recognized as a source of ion and metal transport into the brain. Radiolabelled ion tracer
studies have demonstrated that ions, such as Cl−, cross the choroid plexus—ventricle—brain
barrier at a rate up to 200x greater than crossing from plasma across the blood brain barrier [1,
5]. In addition, studies of metal ion transport reveal that the choroid plexus is enriched in spe-
cific Fe, Cu and Zn transporters, as well as non-specific divalent metal ion transporters [6–8].
Therefore, it is likely that the choroid plexus not only performs roles as a filter system and site
for CSF production and regulation, but may also hold a role as a supplier of ions and transition
metals to the brain.
Recent studies demonstrate that activity within the choroid plexus is influenced by cells
within the brain parenchyma to a much greater extent than previously thought [9]. For exam-
ple, increased serotonin release by brain cells increases protein kinase C mediated phosphory-
lation of Na+,K+ATPase, which decreases its activity and thus decreases CSF production [3].
It is well established that altered levels of serotonin or serotonin receptors occur during neu-
rological disorders such as depression [10], anxiety [11], and schizophrenia [12]. Further,
patients suffering from schizophrenia have enlarged ventricles [13–16] which often contain
micro-calcifications, indicative of abnormal CSF production and disturbed ion homeostasis
[17–20]. This suggests that altered serotonin levels during neurological disease may signifi-
cantly impact function of the choroid plexus causing downstream effects such as abnormal
CSF production, ventricle swelling and altered ion and transition metal ion homeostasis. As
Cl− and Ca2+ have important roles as neurotransmitters for GABAergic and glutamatergic
neurons and inter-neurons, altered brain ion homeostasis in response to altered choroid
plexus function may exacerbate or worsen neurological disorders. However, this has been lit-
tle studied.
A primary reason for the lack of information available on the downstream effects of altered
choroid plexus function on ion homeostasis is the lack of a suitable imaging technique. Tradi-
tionally, the levels of ions and metals within brain tissue would be quantified by tissue micro-
dissection and elemental assay (i.e., atomic absorption spectrometry, or mass spectrometry).
However, micro-dissection of the ventricle system and isolation of the fragile choroid plexus
from CSF is essentially impossible, and therefore bulk elemental analysis of both these struc-
tural compartments is rarely reported. At present, the majority of knowledge on the distribu-
tion of diffusible ions within the choroid plexus and surrounding brain parenchyma is derived
from immuno-histochemical analysis of the distribution of the respective ion transporters, or
radiolabelled imaging of exogenously administered ions [21–23]. A range of fluorescence dyes
exists for in vivo Ca2+ imaging, however, laser penetration depth is a limiting factor and these
experiments cannot be performed on deeper brain structures such as the choroid plexus and
ventricle system. In addition, due to the highly mobile and diffusible nature of ions such as Cl−,
K+ and Ca2+, ex vivo in situ staining for these ions in tissue sections is not possible as immer-
sion of the tissue in any fixation or staining media re-distributes or completely removes these
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ions from the tissue [24]. Therefore, a technique capable of in situ imaging the endogenous ele-
mental distribution at the cellular or sub-cellular level in ex vivo tissue sections, would be of
great benefit to studying choroid plexus regulation of brain ion homeostasis, particularly in
neurological disorders or disease.
One technique that holds great promise for direct in situ imaging of endogenous elements
in ex vivo brain tissue sections is X-ray fluorescence imaging (XFI) [25, 26]. The technique can
routinely spatially resolve elemental distribution at the micron level. Further, the use of mod-
ern synchrotron lightsources and advanced detector systems enables rapid image collection
times with low detection limits, enabling application of this technique to challenging scientific
questions pertinent to the biological sciences. The effect of sample preparation on the elemen-
tal composition of brain tissue has been studied and optimized, and XFI analysis of flash frozen
brain tissue without any form of chemical fixation or perfusion has been shown to reveal the
elemental distribution as close as possible to the in vivo state [24, 27].
XFI has found numerous applications to the field of neuroscience and elemental maps of
the choroid plexus and ventricle systems have previously been reported in several studies. Spe-
cifically, XFI has been used to study the location of Cu in ventricle walls and the sub-ventricu-
lar zone [28, 29], as well as to investigate Mn transport from the choroid plexus into the brain
[30]. However, as these previous studies employed chemical fixation of the brain tissue, ele-
mental maps of the distribution of diffusible ions that reflect the in vivo state were not
obtained. Further, due to the higher energies of the K shell emission lines of transition metals,
experiments can often be performed in air, however, this results in substantial attenuation of K
shell emission lines of biologically important ions such as Cl− and K+. Performing XFI experi-
ments in a He environment reduces the low energy attenuation and allows more accurate
detection of Cl− and K+ ions, in addition to transition metals.[31] In this investigation, we dem-
onstrate the immense potential of XFI elemental mapping to study the function of choroid
plexus in maintaining ion and transition metal homeostasis within the brain. Using XFI we
obtained quantitative elemental content (P, S, Cl, K, Ca, Fe, Cu, Zn) within the choroid plexus,
sub-ventricular zone and surrounding brain tissue regions. To the best of our knowledge, no
previous study using XFI or any other technique has quantified the elemental content of the
choroid plexus and ventricle system or compared the elemental levels with those of the sur-
rounding brain tissue. To further demonstrate the potential of incorporating XFI in future
studies to correlate altered choroid plexus function with altered brain ion homeostasis in neu-
rological disease or disorders, we report a case study (single animal) highlighting the elemental
alterations that may occur within the choroid plexus and ventricular system in an animal




Time pregnant Long-Evans rats (Charles River Laboratories, Quebec, Canada) arrived at the
animal holding facility on gestational day (GD7). Dams were single housed in standard poly-
propylene cages in a temperature controlled (21°C) colony room on a 12/12 h light/dark cycle
with food (Purina Rat Chow) and water available ad libitum. Experimental procedures were
carried out during the light phase (lights on at 07:00 h). All experimental procedures were con-
ducted in accordance with the Canadian Council on Animal Care and were approved by the
University of Saskatchewan Animal Research Ethics Board. No animals utilized for this
research became ill or died prior to the experimental endpoint.
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Maternal Treatments
On GD15, dam weight and rectal temperature were recorded. Dams were anesthetized with
isoflurane (5% induction, 2.5% maintenance) for<10 minutes to receive a single intravenous
(i.v.) injection of either saline or polyI:C (4 mg/kg, high molecular weight, InVivoGen, San
Diego, CA, USA). Aside from additional maternal weight and temperature monitoring 8, 24,
and 48 h following treatment, dams were left undisturbed and allowed to deliver naturally. On
postnatal day (PND) 1, litters were weighed, sexed, and culled to a maximum of 10 (6 males
where possible). On PND21, pups were weaned and housed in same-sex groups of 2 or 3 in
standard housing as previously described. Offspring from these litters were randomly selected
for synchrotron imaging with each rat coming from a separate litter. Culled pups and dams
were euthanized with deep isoflurane anesthesia followed by cervical dislocation.
Tissue Collection and Sample Preparation
At PND60, four offspring (n = 4) of four saline-treated dams (one offspring from each dam)
and a single offspring (n = 1) of a polyI:C-treated dam, were deeply anesthetized with isoflur-
ane and sacrificed by decapitation. The non-dissected head was immediately immersed in liq-
uid nitrogen and stored at -80°C. On dry ice, rat heads were chiseled along the sagittal plane
into equal halves and brains were further exposed using a Dremmel blade. Cryo-sections
(20 μm) were cut at -18°C, at two different brain locations at -0.5 mm and -3.6 mm anterior to
bregma respectively. Sections were cut from both left and right hemispheres, i.e., four tissue
sections per animal. Following tissue sectioning, the sections were melted onto the relevant
substrate and air-dried. Tissue sections were kept at ambient room temperature in a desiccated
sealed container until analysis (< 2 weeks between sectioning and anlaysis). Two tissue sections
were mounted on Si3N4 substrate (10x10 mm silicon frame, 200 μm thick, 5x5 mm Si3N4 mem-
brane, 200 nm thick, Norcada, Edmonton, AB, Canada) for imaging at the X-ray fluorescence
microscopy beamline at the Australian Synchrotron, the other two sections were mounted on
thermanox plastic slides for analysis at the Stanford Synchrotron Radiation Lightsource. Adja-
cent tissue sections were also cut at a thickness of 10 μm and were mounted on microscope
slides for staining with cresyl violet.
To the best of our knowledge a direct comparison of elemental distribution in air-dried tis-
sue sections cut from flash-frozen brains versus cryosections analyzed frozen and hydrated
with a cryostream has not been performed. Therefore, the extent to which thawing of the tissue
section during air-drying alters elemental distribution is not known. We believe it is unlikely
that re-distribution on the order of microns would occur due to the thin nature of the sections
and their rapid air-drying time. However, sub-micron and sub-cellular redistribution cannot
be discounted, but would not be detected at the spatial resolution used in this study. Although
studies comparing the elemental distribution in air-dried tissue sections and frozen hydrated
tissue sections cut from flash frozen brain tissue have not been completed, we have previously
analyzed the speciation and bulk levels of sulfur in such an experiment.[32] The results
revealed that a subtle increase in thiol oxidation is observed in both air-dried and freeze dried
tissue sections relative to tissue sections analyzed fully hydrated and frozen under a cryo-
stream.[32] The levels of taurine, a small mobile diffusible molecule were identical in all three
sample preparations, suggesting that bulk re-distribution does not occur during air-drying of
semi-thin brain tissue.[32]
Synchrotron Imaging
Elemental mapping of tissue sections generated from the right brain hemisphere was per-
formed at the XFM beamline at the Australian Synchrotron.[33] A monochromatic incident
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beam of 12.7 keV was focused to a 2 μm x 2 μm spot with a Kirkpatrick–Baez mirror pair. X-
ray emission from the sample were collected in event-mode using the low-latency, 384-channel
Maia XRF detector array.[34] Data was collected with the sample orientated normal to the inci-
dent beam with the detector positioned in backscatter geometry. Data was collected with the
sample under a Helium purge to facilitate detection of low Z elements, as previously reported.
[31] The sample was raster scanned through the beam with an effective dwell time of 0.1 ms
and an effective step (pixel) size of 1 μm. Elemental foils (Micromatter, Canada), were scanned
in the same geometry and used as references for elemental quantification. Elemental maps
were reconstructed from the full emission spectra with GeoPIXE v6.6j. (CSIRO, Australia),
which uses a linear transformation matrix for spectral deconvolution.[35] Quantification was
performed with calibration against elemental foils of known composition. The composition
and density of the Si3N4 substrate and the approximate composition of the sample were incor-
porated in the quantification process. The composition of the tissue sample was assumed to
approximate that of a dried organic material (C22H10N2O4), with a density of 1.42 g cm
-3, as
previously used by others.[36] Due to the small thickness of the sample (20 μmwhen cut) and
the fact that the major component of the sample by weight, water, is removed during air-drying
of the tissue section, self-absorption effects are negligible.[37] The elemental areal densities
obtained in this investigation are in direct agreement with those previously reported by other
research groups using XFI elemental analysis of rat brain sections at a similar thickness and
with a similar sample preparation method.[38–41] Data was outputted from GeoPIXE as tiff
files displaying the elemental concentration per pixel in ng cm-2, which was then converted
to μg cm-2, and then imported into ImageJ v1.48. All regions of interest and the average ele-
mental concentration were calculated from the raw images using ImageJ. A 3 point moving
average was applied to decrease the appearance of noise and enhance image contrast, for
images presented in the manuscript.
Data Analysis
Data available in S1 File. All results are represented as group means ± SEM. Elemental concen-
trations of P, S, Cl, K, Ca, Fe, Cu, and Zn in each of the choroid plexus, corpus callosum, stria-
tum, cortex, and ventricle wall were calculated from regions of interest drawn using ImageJ
software. One-way Repeated Measures ANOVAs (SPSS version 23) were used to compare the
concentrations of each element among the 5 areas assessed in the saline offspring. Post-hoc
tests were calculated using Tukey’s HSD. The polyI:C offspring was not included in statistical
analysis but used to illustrate the potential for using synchrotron light to study models of psy-
chiatric illness.
Analysis at the Stanford Synchrotron Radiation Lightsource
To replicate the results observed from analysis at the Australian Synchrotron, XFI elemental
maps were collected from tissue sections of the left brain hemisphere, using synchrotron light
at beamline 10–2 at the Stanford Synchrotron Radiation Lightsource (SSRL) (http://www-ssrl.
slac.stanford.edu/beamlines/bl10-2/). The energy of the incident X-ray beam was 13450 eV,
and the incident X-ray intensity was measured using a nitrogen gas-filled ion chamber (I0). A
50 μm pin-hole aperture was used to define the beam size on the sample. The sample was
mounted at 45° to the incident beam and raster scanned through the beam using a “fly” scan or
“rapid” scan mode. A single-element Vortex1 silicon drift detector at 90° to the incident beam
collected single channel (SCA) X-ray fluorescence spectra from the brain tissue. The detector
readout was synchronized to the stage movement speed, and data collected continuously, such
that the full emission spectrum was collected every 200 ms, for an average stage movement of
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30 μm. SCA fluorescence data was not converted to quantitative maps as measurements were
performed under ambient laboratory atmosphere, where Ar absorption is not negligible for the
emission lines of light elements such as P, S, Cl, K and Ca. The SCA fluorescence maps were
normalized to I0, and visualized using microtool kit software (http://smak.sams-xrays.com/).
Results and Discussion
Validation of XFI to Study the Elemental Composition of the Choroid
Plexus, Sub-Ventricular Zone and Surrounding Brain Regions
The distribution of elements (P, S, Cl, K, Ca, Fe, Cu, Zn) within the choroid plexus, ventricle
system, and surrounding brain tissue, revealed by XFI, are presented in a representative brain
tissue section (Fig 1). Visual observation of the elemental maps highlights that all the studied
elements are present within the choroid plexus, which is in agreement with the known abun-
dance of ion transporters, non-specific divalent cation transporters and specific metal trans-
porters within the choroid plexus [1, 2, 4, 6–8]. Specifically, the choroid plexus visually appears
to contain the greatest concentration of Cl− and Fe, as well as high concentrations of other ele-
ments, such as K+ and Ca2+. Cl−and K+ were observed in high concentration within the choroid
plexus epithelium, however K+ was observed in relatively low concentration outside of the epi-
thelium, while Cl− was still abundant (Fig 2). To confirm these observations, tissue sections
were analyzed from 4 animals and the average elemental concentration determined from spe-
cific brain tissue regions (choroid plexus, ventricle wall, striatum, corpus callosum and cortex).
As shown in Fig 3, statistical analysis using repeated measures ANOVA confirmed that the
choroid plexus contains the highest concentration of Cl− and Fe relative to the other brain
Fig 1. A comparison of routine cresyl violet (CV) histology and elemental maps (P, S, Cl, K, Ca, Fe, Cu,
Zn) revealed by XFI for a representative saline control rat at PND60. The brain regions of interest are
choroid plexus (CP), corpus callosum (CC), striatum (Str), cortex (Ctx), and ventricle wall (VW). All examined
elements are observed in the choroid plexus with notably high levels of Fe and Cl relative to other brain
regions. Scale bar = 500 μm, intensity units are μg cm-2.
doi:10.1371/journal.pone.0158152.g001
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regions studied. Additionally, each element studied was found to have significant differences
among the regions of interest (Fig 2; P (F(4,12) = 34.951; p<0.001), S (F(4,12) = 10.872; p<0.01),
Cl (F(4,12) = 17.512; p<0.05), K (F(4,12) = 6.633; p<0.01), Ca (F(4,12) = 4.613; p<0.05), Fe (F(4,12)
= 4.275; p<0.05), Cu (F(4,12) = 34.951; p<0.001), Zn (F(4,12) = 7.578; p<0.001); results of post
hoc are illustrated).
The significantly elevated levels of Fe observed within the choroid plexus relative to other
brain regions is consistent with the high level of blood flow to the choroid plexus epithelial
cells, and the high mitochondria content of choroid plexus epithelial cells [1, 2, 4, 42]. The epi-
thelial cells of the choroid plexus are rich in ion transporters, in particular Na+,K+ATPase,
which acts to create a strong Cl− concentration gradient, and likely accounts for the signifi-
cantly increased Cl− concentration observed within the choroid plexus relative to other brain
regions [1, 3, 4, 22].
In addition to the calculation of the average elemental concentration for specific brain
regions, XFI revealed the endogenous concentration gradient of Cl−, K+, and Ca2+ across the
ventricle system and surrounding brain tissue. As can be seen in Fig 4, the Cl− concentration is
greatest along the ventricle wall and within the sub-ventricular zone, decreasing with distance
from the ventricle wall, which is in strong agreement with the known transport of radiolabeled
Cl− from the blood stream into the brain parenchyma via the CSF and ventricle system. The K+
gradient is the inverse of the Cl− gradient, with increasing K+ concentration observed with
increasing distance from the ventricle wall. This is consistent with the known uptake and
removal of K+ from the ventricle system and CSF by the choroid plexus epithelium [1, 3–5, 22,
23]. Despite the large variations in Cl− and K+ concentration that can be induced by the normal
function of the choroid plexus, it is has been established that the Ca2+ concentration is tightly
regulated [1, 4]. Not surprisingly, XFI did not reveal a Ca2+ concentration gradient. To the best
of our knowledge, these results are the first demonstration of endogenous ion concentration
gradients, and are in agreement with the concentration gradients that have been proposed to
exist based on studies using exogenously administered ions [5, 23].
Fig 2. An enlarged view of elemental maps of Cl−, K+ and Cu in the choroid plexus and ventricle wall with tri-colour overlay.
Numerous Cu hot spots mark the ventricle wall, and Cl− and K+ co-localize with the choroid plexus epithelium. The tri-colour overlay
highlights that K+ is at lower concentration outside the choroid plexus epithelium, while Cl− is still abundant. Scale bar = 100 μm.
doi:10.1371/journal.pone.0158152.g002
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XFI Elemental Mapping Suggests Altered Choroid Plexus and Ventricle
Ion Homeostasis in an Animal Model of Schizophrenia
To demonstrate the potential of XFI elemental mapping to correlate altered choroid plexus
function with disturbed ion transport and ion homeostasis within the choroid plexus in brain
disorders, a case study (single animal) was performed using one offspring from a rat treated
Fig 3. Elemental quantification performed with XFI of distinct brain regions (choroid plexus, corpus callosum,
striatum, cortex, and ventricle wall).One-way repeated measures ANOVA revealed significant differences in all
elements as a factor of brain region (p<0.05). Tukey’s HSD was used to calculate post hoc tests. [A] Elemental
concentrations for P, S, Cl, and K. A letter system is used to denote significant differences in P across brain regions.
A = significantly different from choroid plexus, B = significantly different from corpus callosum, C = significantly different
from striatum, D = significantly different from cortex, E = significantly different from ventricle wall. For all other elements,
significant differences are indicated with an asterisk (*). [B] Elemental concentrations for Ca, Fe, Cu, and Zn. Significant
differences are indicated with an asterisk (*).
doi:10.1371/journal.pone.0158152.g003
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with polyI:C on GD15 of pregnancy, which is an animal model of schizophrenia.[43, 44] As
can be seen in Fig 5, there is a substantial increase in Cl− concentration within the choroid
plexus and sub-ventricular zone in the polyI:C offspring relative to the control around the lat-
eral ventricles at two different locations within the brain (ventricles adjacent to striatum 0.5
mm anterior to Bregma, and ventricles adjacent to hippocampus 3.6 mm to Bregma). To fur-
ther demonstrate that these results are representative and reproducible in this polyI:C off-
spring, tissue sections from a similar anatomical plane were analyzed at the Stanford
Synchrotron Radiation Lightsource which yielded a similar profile of elevated Cl− around the
lateral ventricle at both brain locations (Fig 6). In addition, data collected at the Australian syn-
chrotron revealed decreased K+ levels in the sub-ventricular zone, and the ventricle appeared
larger and contained numerous Ca deposits (Figs 5–7) in the polyI:C offspring relative to the
control animals.
While the etiology of schizophrenia remains largely unknown, maternal inflammation and
malnutrition [45–49], and peri/neonatal trauma such as hypoxia during birth [50–52], have
been implicated with a higher incidence of schizophrenia in the offspring. While the incidence
of schizophrenia among the general population is approximately 1%, maternal influenza dur-
ing pregnancy increased the offspring’s risk by 3 to 7-fold.[53] The mechanisms underlying
maternal infection as a risk factor for schizophrenia have been studied using the maternal
immune activation (MIA) model in which mice or rats experience an immune challenge during
pregnancy. Previous research using MIA via polyI:C in rats and mice demonstrated offspring
have abnormalities in behaviour and cognitive performance as well as abnormalities in brain
morphology such as enlarged ventricles which appeared post-puberty.[54–57] Thus, the model
demonstrates face and construct validity as well as a neurodevelopmental ‘disease’ progression,
similar to the manifestation of schizophrenia in humans. In human schizophrenia, micro-calci-
fications are often observed within the enlarged ventricles [58]; however, the presence of
Fig 4. [A] Radial profiles of Cl−, K+, and Ca2+ concentrations across the ventricle wall, sub-ventricular zone, and surrounding striatum. [B–
D] XFI elemental maps of Cl−, K+, and Ca2+, respectively, illustrating the region from where radial profiles were calculated (white dashed
box). Scale bar = 100 μm, intensity units are μg cm-2.
doi:10.1371/journal.pone.0158152.g004
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Fig 5. Routine cresyl violet (CV) histology and XFI elemental mapping (P, S, Cl, K, Ca, Fe, Cu, Zn) of the offspring
(PND60) from a saline control rat and a polyI:C immune compromised rat. Images were collected from tissue sections
-0.5 mm and -3.6 mm anterior to bregma. White arrows indicate the presence of numerous calcifications observed within the
ventricles of the polyI;C offspring. Due to the increased swelling of the ventricle in the polyI:C offspring at bregma location
-0.5mm, the medial side of the ventricle wall tore from the tissue section. A white dashed line shows the approximate
location of the ventricle wall before it tore away during tissue sectioning. Scale bar = 500 μm, intensity units are μg cm-2.
doi:10.1371/journal.pone.0158152.g005
Fig 6. Replication of the Cl− results from elemental mapping at the Australian Synchrotron was performed at the Stanford
Synchrotron Radiation Lightsource using tissue sections from a similar anatomic plane collected from the opposite brain
hemisphere to those presented in Fig 5. Elemental maps of Zn distribution are shown to highlight tissue anatomical structure (grey matter
contains high Zn, white matter contains low Zn). Scale bar = 100 μm. Elemental maps are displayed on a relative scale, the scale is the
consistent for all Zn maps, and a separate but consistent scale is used for all Cl− maps.
doi:10.1371/journal.pone.0158152.g006
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micro-calcifications has not previously been studied in the MIA animal model. Therefore, this
study is the first to present evidence of micro-calcifications within enlarged ventricles in the
polyI:C model of MIA-induced schizophrenia which correlates well with the human condition.
A possible explanation for the appearance of enlarged ventricles in human schizophrenia
and in animal models, including the polyI:C animal analyzed in this study, could be excessive
CSF production. Increased Cl− levels and decreased K+ levels were observed in the subventricu-
lar zone and within the choroid plexus in the polyI:C animal. This may indicate increased Na+,
K+,ATPase activity. Serotonin is an inhibitor of Na+,K+,ATPase activity, and decreased brain
serotonin, as is found in human schizophrenia [12], as well as animal models of MIA [59–61],
would result in a loss of this inhibitory action on Na+,K+,ATPase activity, giving rise to
increased CSF volume and the resulting enlargement of the ventricles observed in schizophre-
nia. Although only one polyI:C offspring is presented in this manuscript, the results serve to
demonstrate the ability to apply XFI to study alterations in the distribution of elements within
the choroid plexus and surrounding brain tissue as a consequence of neurological disorders
and neurological disease state.
Conclusions
This study has used XFI elemental mapping to reveal for the first time the endogenous distribu-
tion of ions (Cl−, K+, and Ca2+) within the choroid plexus, ventricular system and surrounding
brain tissue. The results of this study were in strong agreement with the ion distributions pro-
posed by other studies using indirect techniques or endogenously administered ions. This is an
important finding as it validates the use of XFI a new method to investigate ion homeostasis
within the choroid plexus and ventricle system with the advantage of high spatial resolution
direct imaging of the endogenous ions (i.e., no radiolabeled tracers are required). We also dem-
onstrate the potential of this approach for studying models of psychiatric illness with a case
study analysis in a rat model of schizophrenia. Our case study highlights increased Cl−,
decreased K+ and micro-calcifications occur concomitant with increased ventricle size. The
results of this study will now drive future investigations, incorporating XFI elemental mapping
to further understand the role of the ventricle system in normal physiology and pathological
mechanisms of neurological diseases. Specifically, the results of this case study will be statisti-
cally validated in a larger animal study, and further investigations will be performed to
Fig 7. Cresyl violet (CV) histology and XFI elemental mapping of calcifications (white arrows) within ventricles. The first two
columns correspond to images collected from tissue sections at a location of -0.5 mm anterior to bregma, and the last two columns
correspond to images collected from tissue sections at a location of -3.6 mm anterior to bregma. Scale bar = 100 μm, intensity units are μg
cm-2.
doi:10.1371/journal.pone.0158152.g007
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determine if micro-calcifications and altered Ca2+ homeostasis within the ventricles, and
increased Cl− concentration have downstream effects in the pathology of schizophrenia.
Supporting Information
S1 File. Data. Elemental concentrations summarized in Figs 3 and 4.
(XLSX)
Acknowledgments
We would like to thank Quentin Greba for his help administering maternal treatments and
flash freezing brain tissue. Part of this research was undertaken on the XFM beamline of the
Australian Synchrotron, Victoria, Australia. We would like to thank the members of the Aus-
tralian Synchrotron XFM beamline, Martin de Jonge, David Paterson, and Simon James for
their assistance in experiments performed at the Australian Synchrotron. Portions of this
research were carried out at the Stanford Synchrotron Radiation Lightsource, a Directorate of
SLAC National Accelerator Laboratory and an Office of Science User Facility operated for the
U.S. Department of Energy Office of Science by Stanford University. The SSRL Structural
Molecular Biology Program is supported by the DOE Office of Biological and Environmental
Research, and by the National Institutes of Health, National Center for Research Resources,
Biomedical Technology Program (P41RR001209). We would like to thank SamWebb and
Courtney Roach for their assistance in experiments performed at the Stanford Synchrotron
Radiation Lightsource.
Author Contributions
Conceived and designed the experiments: BRL JMP JGHMJH. Performed the experiments:
BRL MJHMJ DLH. Analyzed the data: BRL MJH. Contributed reagents/materials/analysis
tools: JMP MJH JGHMJ DLH. Wrote the paper: BRL JMP MJH JGHMJ DLH.
References
1. Spector R, Keep RF, Snodgrass SR, Smith QR, Johanson CE. A balanced view of choroid plexus struc-
ture and function: Focus on adult humans. Exp Neurol. 2015; 267: 78–86. doi: 10.1016/j.expneurol.
2015.02.032 PMID: 25747036
2. Brown P, Davies SL, Speake T, Millar ID. Molecular mechanisms of cerebrospinal fluid production.
Neurosci. 2004; 129: 955–968.
3. Fisone G, Snyder GL, Fryckstedt J, Caplan MJ, Aperia A, Greengard P. Na+, K+-ATPase in the Cho-
roid Plexus regulation by serotonin/protein kinase C pathway. J Biol Chem. 1995; 270: 2427–2430.
PMID: 7852300
4. Redzic ZB, Segal MB. The structure of the choroid plexus and the physiology of the choroid plexus epi-
thelium. Adv Drug Deliv Rev. 2004; 56: 1695–1716. PMID: 15381330
5. Smith QR, Rapoport SI. Cerebrovascular Permeability Coefficients to Sodium, Potassium, and Chlo-
ride. J Neurochem. 1986; 46: 1732–1742. PMID: 3084708
6. Davies KM, Hare DJ, Cottam V, Chen N, Hilgers L, Halliday G, et al, Localization of copper and copper
transporters in the human brain. Metallomics. 2013; 5: 43–51. doi: 10.1039/c2mt20151h PMID:
23076575
7. Wang Z-Y, Stoltenberg M, Jo SM, Huang L, Larson A, Dahlstrom A, et al. Dynamic zinc pools in mouse
choroid plexus. Neuroreport. 2014; 15: 1801–1804.
8. Wang X, Miller DS, ZhengW. Intracellular localization and subsequent redistribution of metal transport-
ers in a rat choroid plexus model following exposure to manganese or iron. Toxicol Appl Pharmacol.
2008; 230: 167–174. doi: 10.1016/j.taap.2008.02.024 PMID: 18420243
9. Skipor J, Thiery JC. The choroid plexusœ cerebrospinal fluid system: Undervaluated pathway of neu-
roendocrine signaling into the brain. Acta Neurobiol Exp. 2008; 68: 414–428.
X-Ray Fluorescence Imaging of Ions Surrounding Brain Ventricles
PLOS ONE | DOI:10.1371/journal.pone.0158152 June 28, 2016 12 / 15
10. Coppen A. Doogan D. Serotonin and its place in the pathogenesis of depression. J Clin Psychiatry.
1988; 49: 4–11.
11. Tauscher J, Bagby RM, Javanmard M, Christensen BK, Kasper S, Kapur S. Inverse relationship
between serotonin 5-HT1A receptor binding and anxiety: a [11C] WAY-100635 PET investigation in
healthy volunteers. Am J Psychiatry. 2014; 158: 1326–1328.
12. Abi-Dargham A, Laruelle M, Aghajanian GK, Charney D, Krystal J. The role of serotonin in the patho-
physiology and treatment of schizophrenia. J Neuropsychiatry Clin Neurosci. 1997; 9: 1–17. PMID:
9017523
13. Johnstone EC, Frith CD, Crow TJ, Husband J, Kreel L. Cerebral ventricular size and cognitive
impairment in chronic schizophrenia. Lancet. 1976; 308: 924–926.
14. Weinberger DR, Llewellyn BB, Kleinman JE, Klein ST, Rosenblatt JE, Wyatt RJ. Cerebral ventricular
enlargement in chronic schizophrenia: an association with poor response to treatment. Arch Gen Psy-
chiatry.1980; 37: 11–13. PMID: 6101534
15. Weinberger DR, Torrey EF, Neophytides AN, Wyatt RJ. Lateral cerebral ventricular enlargement in
chronic schizophrenia. Arch Gen Psychiatry. 1979; 36: 735–739. PMID: 36863
16. DeLisi LE, Goldin LR, Hamovit JR, Maxwell ME, Kurtz D, Gershon ES. A family study of the association
of increased ventricular size with schizophrenia. Arch. Gen. Psychiatry, 1986; 43: 148–153. PMID:
3947209
17. Marinescu I, Udristoiu I, Marinescu D. Choroid plexus calcification: clinical, neuroimaging and histo-
pathological correlations in schizophrenia. Rom J Morphol Embryol. 2013; 54: 365–369. PMID:
23771083
18. Bersani G, Garavini A, Taddei I, Tanfani G, Pancheri P. Choroid plexus calcification as a possible clue
of serotonin implication in schizophrenia. Neurosci Lett. 1999; 259: 169–172. PMID: 10025585
19. Sandyk R. Choroid plexus calcification as a possible marker of hallucinations in schizophrenia. Int J
Neurosci. 1993; 71: 87–92. PMID: 8407158
20. Sandyk R, Kay SR, Merriam AE. Calcification of the choroid plexus as a marker of depression in schizo-
phrenia. Schizophr Res. 1990; 3: 361–363. PMID: 2282343
21. Johnson DC, Singer S, Hoop B, Kazemi H. Chloride flux from blood to CSF: inhibition by furosemide
and bumetanide. J Appl. Physiol. 1987; 63: 1591–1600. PMID: 3693196
22. Johanson CE, Sweeney SM, Parmelee JT, Epstain MH. Cotransport of sodium and chloride by the
adult mammalian choroid plexus. Am J Physiol -Cell Physiol. 1990; 258: C211–C216.
23. Smith QR, Woodbury DM, Johanson CE. Uptake of 36Cl and 22Na by the Choroid Plexus-Cerebrospi-
nal Fluid System: Evidence for Active Chloride Transport by the Choroidal Epithelium. J Neurochem.
1981; 37: 107–116. PMID: 7252497
24. Hackett MJ, McQuillan JA, El-Assaad F, Aitken JB, Levina A, Cohen DD, et al. Chemical alterations to
murine brain tissue induced by formalin fixation: implications for biospectroscopic imaging and mapping
studies of disease pathogenesis. Analyst, 2011; 136: 2941–2952. doi: 10.1039/c0an00269k PMID:
21629894
25. Pushie MJ, Pickering IJ, Korbas M, Hackett MJ, George GN. Elemental and Chemically Specific X-ray
Fluorescence Imaging of Biological Systems. Chem Rev. 2014; 114: 8499–8541. doi: 10.1021/
cr4007297 PMID: 25102317
26. Hackett MJ, Aitken JB, El-Assaad F, McQuillan JA, Carter EA, Ball HJ, et al. Mechanisms of murine
cerebral malaria: Multimodal imaging of altered cerebral metabolism and protein oxidation at hemor-
rhage sites. Sci Adv. 2015; 1: e1500911 doi: 10.1126/sciadv.1500911 PMID: 26824064
27. Hackett MJ, Britz CJ, Paterson PG, Nichol H, Pickering IJ, George GN. In situ Bio-Spectroscopic Inves-
tigation of Rapid Ischemic and Post-mortem Induced Biochemical Alterations in the Rat Brain. ACS
ChemNeurosci. 2015; 6: 226–228. doi: 10.1021/cn500157j PMID: 25350866
28. Pushie MJ, Pickering IJ, Martin GR, Tsutsui S, Jirik FR, George GN. Prion protein expression level
alters regional copper, iron and zinc content in the mouse brain. Metallomics. 2011; 3: 206–214. doi:
10.1039/c0mt00037j PMID: 21264406
29. Pushkar Y, Robison G, Sullivan B, Fu SX, Kohne M, JiangW, et al. Aging results in copper accumula-
tions in glial fibrillary acidic protein‐positive cells in the subventricular zone. Aging Cell. 2013; 12: 823–
832. doi: 10.1111/acel.12112 PMID: 23738916
30. Robison G, Zakharova T, Fu S, JiangW, Fulper R, Barrea R, et al. X-ray fluorescence imaging: a new
tool for studying manganese neurotoxicity. PLOSone. 2012; e48899.
31. Hare DJ, Jones MWW,Wimmer VC, Jenkins NL, de Jonge MD, Bush AI, et al. High-resolution comple-
mentary chemical imaging of bio-elements in Caenorhabditis elegans. Metallomics, 2016; 8: 156–160.
doi: 10.1039/c5mt00288e PMID: 26567696
X-Ray Fluorescence Imaging of Ions Surrounding Brain Ventricles
PLOS ONE | DOI:10.1371/journal.pone.0158152 June 28, 2016 13 / 15
32. Hackett MJ, Smith SE, Paterson PG, Nichol H, Pickering PG, George GN. X-ray Absorption Spectros-
copy at the Sulfur K-Edge: A New Tool to Investigate the Biochemical Mechanisms of Neurodegenera-
tion. ACS ChemNeurosci. 2012; 3: 178–185. doi: 10.1021/cn200097s PMID: 22860187
33. Paterson D, de Jonge MD, Howard DL, Lewis W, McKinlay J, Starritt A, et al. The X‐ray Fluorescence
Microscopy Beamline at the Australian Synchrotron. in The 10th International Conference on X‐ray
Microscopy. AIP Conf Proc. 2011; 1365: 219–222.
34. Ryan CG, Siddons DP, Kirkham R, Li ZY, de Jonge MD, Paterson DJ, et. al. MAIA X-ray fluorescence
imaging: capturing detail in complex natural samples. J Phys Conference Series. 2014; 499: 012002.
35. Ryan C. Quantitative trace element imaging using PIXE and the nuclear microprobe. Int J Imag Syst
Tech. 2000; 11: 219–230.
36. Grubman A, James SA, James J, Duncan C, Volitakis I, Hickey JL, et al. X-ray fluorescence imaging
reveals subcellular biometal disturbances in a childhood neurodegenerative disorder. Chem Sci. 2014;
5: 2503–2516. PMID: 24976945
37. Szczerbowska-Boruchowska M. Sample thickness considerations for quantitative X-ray fluorescence
analysis of the soft and skeletal tissues of the human body—theoretical evaluation and experimental
validation. X-Ray Spectrom. 2012; 41: 328–337.
38. Chwiej J, Dulinska J, Janeczko K, Appel K, Setkowicz Z. Variations in elemental compositions of rat
hippocampal formation between acute and latent phases of pilocarpine-induced epilepsy: an X-ray fluo-
rescence microscopy study. J Biol Inorg Chem. 2012; 17: 731–739. doi: 10.1007/s00775-012-0892-1
PMID: 22447169
39. Chwiej J, Kutorasinska J, Janeczko K, Gzielo-Jurek K, Uram L, Appel K, et al. Progress of elemental
anomalies of hippocampal formation in the pilocarpine model of temporal lobe epilepsy: an X-ray fluo-
rescence microscopy study. Anal Bioanal Chem. 2012; 404: 3071–3080. doi: 10.1007/s00216-012-
6425-5 PMID: 23052869
40. Chwiej J, Sarapata A, Janeczko K, Stegowski Z, Appel K, Setkowicz Z. X-ray fluorescence analysis of
long-term changes in the levels and distributions of trace elements in the rat brain following mechanical
injury. J Biol Inorg Chem. 2012; 16: 275–283.
41. Chwiej J, Winiarski W, Ciarach M, Janeczko K, Lankosz M, Rickers K, et al. The role of trace elements
in the pathogenesis and progress of pilocarpine-induced epileptic seizures. J Biol Inorg Chem. 2008;
13: 1267–1274. doi: 10.1007/s00775-008-0411-6 PMID: 18688660
42. Cornford EM, Varesi JB, Hyman S, Damian RT, Raleigh MJ. Mitochondrial content of choroid plexus
epithelium. Exp Brain Res. 1997; 116; 399–405. PMID: 9372289
43. Meyer U, Feldon J, Fatemi SH. In-vivo rodent models for the experimental investigation of prenatal
immune activation effects in neurodevelopmental brain disorders. Neurosci Biobehav Rev. 2009; 33:
1061–1079. doi: 10.1016/j.neubiorev.2009.05.001 PMID: 19442688
44. Meyer U. Feldon J. To poly (I: C) or not to poly (I: C): advancing preclinical schizophrenia research
through the use of prenatal immune activation models. Neuropharmacology, 2012; 62: 1308–1321.
doi: 10.1016/j.neuropharm.2011.01.009 PMID: 21238465
45. Mednick SA, Machon RA, Huttunen MO, Bonett D. Adult schizophrenia following prenatal exposure to
an influenza epidemic. Arch Gen Psychiatry. 1988; 45: 189–192. PMID: 3337616
46. Buka SL, Tsuang MT, Torrey EF, Klebanoff MA, Bernstain D, Yolken RH. Maternal infections and sub-
sequent psychosis among offspring. Arch. Gen. Psychiatry. 2011; 58: 1032–1037.
47. Patterson PH. Maternal effects on schizophrenia risk. Science, 2007; 318; 576–577. PMID: 17962542
48. Hoek H, Brown A, Susser E. The Dutch famine and schizophrenia spectrum disorders. Soc Psych
Psych Epid. 1998; 33; 373–379.
49. Brown AS, Susser ES. In utero infection and adult schizophrenia. Ment Retard Dev D Res Rev., 2002;
8: 51–57.
50. Boksa P. El-Khodor B. Birth insult interacts with stress at adulthood to alter dopaminergic function in
animal models: possible implications for schizophrenia and other disorders. Neurosci Biobehav Rev.
2003; 27: 91–101. PMID: 12732226
51. Boksa P. Animal models of obstetric complications in relation to schizophrenia. Brain Res Rev. 2004;
45: 1–17. PMID: 15063096
52. Jones PB, Rantakallio P, Hartikainen AL, Isohanni M, Sipila P. Schizophrenia as a long-term outcome
of pregnancy, delivery, and perinatal complications: a 28-year follow-up of the 1966 north Finland gen-
eral population birth cohort. Am J Psychiatry. 1998; 155: 355–364. PMID: 9501745
53. Brown AS, Begg MD, Gravenstein S, Schaefer CA, Wyatt RJ, Bresnahan M, et al. Serologic evidence
of prenatal influenza in the etiology of schizophrenia. Arch Gen Psychiatry. 2004; 61: 774–780. PMID:
15289276
X-Ray Fluorescence Imaging of Ions Surrounding Brain Ventricles
PLOS ONE | DOI:10.1371/journal.pone.0158152 June 28, 2016 14 / 15
54. Vuillermot S, Weber L, Feldon J, Meyer U. A longitudinal examination of the neurodevelopmental
impact of prenatal immune activation in mice reveals primary defects in dopaminergic development rel-
evant to schizophrenia. J Neurosci. 2010; 30: 1270–1287. doi: 10.1523/JNEUROSCI.5408-09.2010
PMID: 20107055
55. Piontkewitz Y, Arad M, Weiner I. Abnormal trajectories of neurodevelopment and behavior following in
utero insult in the rat. Biol. Psychiatry, 2011; 70: 842–851. doi: 10.1016/j.biopsych.2011.06.007 PMID:
21816387
56. Zuckerman L, Rehavi M, Nachman R, Weiner I. Immune activation during pregnancy in rats leads to a
postpubertal emergence of disrupted latent inhibition, dopaminergic hyperfunction, and altered limbic
morphology in the offspring: a novel neurodevelopmental model of schizophrenia. Neuropsychophar-
macology. 2003; 28: 1778–1789. PMID: 12865897
57. Piontkewitz Y, Arad M. Weiner I. Tracing the development of psychosis and its prevention: what can be
learned from animal models. Neuropharmacology. 2012; 62: 1273–1289. doi: 10.1016/j.neuropharm.
2011.04.019 PMID: 21703648
58. Bersani G, Garavini A, Taddei I, Tanfani G, Pancheri P. Choroid plexus calcification as a possible clue
of serotonin implication in schizophrenia. Neurosci Lett. 1999; 259: 169–172. PMID: 10025585
59. Winter C, Reutiman TJ, Folsom TD, Sohr R, Wolf RJ, Juckel G, et al.Dopamine and serotonin levels fol-
lowing prenatal viral infection in mouse—implications for psychiatric disorders such as schizophrenia
and autism. Eur. Neuropsychopharmacol. 2008; 18: 712–716. doi: 10.1016/j.euroneuro.2008.06.001
PMID: 18693086
60. Fatemi SH, Reutiman TJ, Folsom TD, Huang H, Oishi K, Mori S, et al. Maternal infection leads to abnor-
mal gene regulation and brain atrophy in mouse offspring: implications for genesis of neurodevelop-
mental disorders. Schizophr Res. 2008; 99: 56–70. doi: 10.1016/j.schres.2007.11.018 PMID:
18248790
61. Winter C, Djodari-Irani A, Sohr R, Morgenstern R, Feldon J, Juckel G, et al. Prenatal immune activation
leads to multiple changes in basal neurotransmitter levels in the adult brain: implications for brain disor-
ders of neurodevelopmental origin such as schizophrenia. Int J Neuropsychopharmacol. 2009; 12:
513–524. doi: 10.1017/S1461145708009206 PMID: 18752727
X-Ray Fluorescence Imaging of Ions Surrounding Brain Ventricles
PLOS ONE | DOI:10.1371/journal.pone.0158152 June 28, 2016 15 / 15
